Ni-Fe-W alloys were produced by electrodeposition from an ammoniacal citrate bath having nickel sulphate, ferric sulphate and sodium tungstate as sources of nickel, iron and tungsten, respectively. The alloys prepared at low current densities have nanocrystalline structure, while those prepared at high current densities are amorphous. X-ray diffraction results show that the structure changes gradually from nanocrystalline to amorphous phase with an increase of current density. As the current density increases, tungsten content increases while iron content decreases. The hardness of the alloys increases with increasing tungsten content. The best mechanical properties among all the alloys are obtained for 51Ni-29Fe-20W alloy prepared at 600 A/m 2 . Effect of sodium hypophosphite on the composition of the alloys produced at 2000 A/m 2 was also studied. Addition of hypophosphite causes a decrease in tungsten content of the alloys. Further increase in the hypophosphite content causes a decrease of both iron and tungsten contents and an increase of phosphorus and nickel contents. For the alloys deposited from solutions containing sodium hypophosphite more than 0.03 mol/L, the total molar content of tungsten and phosphorus remains constant at 20 at%.
Introduction
Amorphous and nanocrystalline alloys are characterized by unique and highly attractive mechanical, [1] [2] [3] [4] [5] electrochemical, [6] [7] [8] [9] [10] [11] magnetic [12] [13] [14] [15] [16] [17] [18] [19] and catalytic [20] [21] [22] [23] properties. Electrodeposition offers an easy and less expensive route to produce these alloys in controlled thickness, shapes and sizes, mostly in net-shape forms. Tungsten alloys with iron group metals are important for their good mechanical properties. A lot of work has been done on binary alloys of tungsten with iron group elements. [24] [25] [26] [27] [28] [29] There are also some reports on ternary alloys having two iron group elements with tungsten. However, with the aim of exploring alloys with much improved mechanical and magnetic properties, there is still strong need to investigate these ternary alloy systems more deeply and also to study higher order alloy systems.
In our previous work we reported the electrodeposition of Ni-W-P alloys with high strength properties. 30) It was observed that sodium hypophosphite, which was used to introduce phosphorus in the system, had negative effect on the tungsten content of the alloys. The tungsten content was decreased sharply by the addition of sodium hypophosphite. Therefore, it was difficult to produce alloys with high phosphorus content as well as high tungsten content. In the present study we intend to develop tertiary Ni-Fe-W-P alloys with high phosphorus and tungsten contents. An interesting feature of these alloys is that we can produce Ni-Fe-W-P alloys in which the ratio of W/P can be intentionally controlled in a constant total content of 20 at%.
Experimental Procedures
The composition of the plating solution used for electroplating is shown in Table 1 . For the incorporation of nickel and iron, their respective sulphates were used. Tungsten was introduced in the form of sodium tungstate and sodium hypophosphite was used as a source of phosphorus. Ammonium chloride and sodium citrate were used as complexing agents, while sodium bromide was added to improve the conductivity of the solution. Copper coupons of surface area $2:3 Â 10 À4 m 2 were used as substrate. Platinum electrode was used as counter electrode and cathodic potential was measured against saturated calomel electrode (SCE). The deposition was performed under constant current conditions using a Hokuto Denko HZ-3000 Potentio-galvanostat in galvanostatic mode. The copper coupons were first mechanically ground on SiC grinding papers up to 2000 grit and then polished on polishing wheel using 0.05 mm alumina paste. They were then cleaned in acetone on ultrasonic vibrator to completely remove alumina particles. Then they were dipped in dilute sulphuric acid solution for 20 seconds, washed in distilled water and used for electroplating. pH of the solution was set at 8.50 at the start of experiments.
The weight of the electroplated alloy was determined by measuring the difference between the weight of the coupon just before and after electroplating. Hardness of the films was measured with a UMIS-2000 nano-indentor hardness tester. Structure was determined by X-ray diffraction (XRD). The chemical composition was determined with a scanning Figure 1 shows the composition of ternary Ni-Fe-W alloys as a function of current density. One can see a decrease in nickel content and an increase in tungsten content with increasing current density from 100 to 1000 A/m 2 . However, the iron content remains almost constant from 100 to 1000 A/ m 2 . In this range the tungsten content increases in conjunction with a decrease of nickel content. The nickel content becomes approximately constant in the high current density range of 1500 to 2000 A/m 2 , though tungsten and iron contents are also approximately constant. However, the tungsten content is much higher than the Fe content in this range. The error bars in Fig. 1 represent the surface compositional variation of the alloy films. The composition was determined randomly at five different positions lying far from each other. The variation in tungsten content on the surface of each film was negligible. The variations in iron and nickel contents were also slight except for the alloys deposited at the current densities from 700-1000 A/m 2 . The structure of the alloys was determined by XRD. Figure 2 shows the XRD patterns of some typical alloys. The alloy deposited at 100 A/m 2 shows diffraction peaks of Fe 2 W (103), FeNi (111), FeNi (200) and FeNi (220). For the other alloys deposited at higher current densities, one can see only one single peak which is very close to FeNi (111). This single peak shifts towards higher angles with an increase in current density. The peak width also increases with increasing current density due to a decrease in grain sizes of the alloys deposited at higher current densities. The alloys deposited at 400 A/m 2 or higher current densities show quite broad diffraction peaks due to the formation of an amorphous phase. However, the broadening of the peaks is very gradual. It seems that the structure changes from nanocrystalline to heterogeneous structure consisting of amorphous plus nanocrystalline phases, and then to a completely amorphous structure, with an increase in current density. The aparent grain sizes of the alloys were calculated by using Scherrer formula as given below:
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Where d = grain size, = wavelength of the X-ray used, (Cu-K ), = diffraction angle, and B = full width half maximum (FWHM) of X-ray diffraction peak (rad). The results are shown in Fig. 3 . The peak corresponding to FeNi (111) plane was used to calculate the grain size of the alloys. It is observed from Fig. 3 that the grain size decreases significantly from 7.7 nm for the alloy deposited at 100 A/m 2 to 2.0 nm for the alloy deposited at 400 A/m 2 . No sharp change in the grain size is seen in the range from 400 to 2000 A/m 2 . A slight variation of a few angstroms in apparent grain size observed in this current density range may be due to the change in the volume fraction of nanocrystalline phase.
The cathode current efficiency was calculated on the basis of the following formula: 
A j n j
Here I = Total current applied (A) t = time duration of deposition (s) F = Faraday constant = 96485 CÁmol
À1
A i = mole fraction of ith element in the deposit M i = atomic weight of ith element n j = valence number of jth element (n Ni ¼ þ2, n Fe ¼ þ2, n W ¼ þ6, n P ¼ þ1) N = total number of elements Figure 4 shows cathode current efficiency as a function of current density. The relationship between current density and current efficiency is rather complicated. The current efficiency increases with an increase in current density from 100 to 300 A/m 2 , remains nearly constant ($24%) up to 500 A/ m 2 and then decreases towards 1000 A/m 2 . However, it again rises and reaches to 38% at 2000 A/m 2 . Although the behavior is not simple to explain, it is confirmed that the highest current efficiency is obtained at 2000 A/m 2 . Table 2 summarizes hardness values of the deposits produced at different current densities. Hardness was measured by the UMIS-2000 nano-indentation system with Berkovich indenter from the surface of the sample. The system evaluates hardness, H from the load-penetration (L-p) curves for loading and unloading cycles. The maximum applied load was 50 mN. The maximum penetration was about 700 nm. It is observed that the hardness increases with increasing current density. The reduced Young's modulus E=ð1 À v 2 Þ was calculated from the initial unloading part of a loading-unloading curve, as the displacement in this part is only due to elastic recovery. Table 2 also shows H=E ratios for these alloys. The resistance to wear on the surface increases with increasing H value, while the decrease in E value increases plastic deformation. The higher H=E value means better mechnical properties of the film. It is also seen in Table 2 that the maximum value of H=E is obtained for the 51Ni-29Fe-20W alloy deposited at 600 A/m 2 .
Ni-Fe-W-P alloys
It has been reported for Ni-W system 30) that the addition of sodium hypophosphite to electroplating solution causes a sudden drop in tungsten content of the alloy as well as in cathode current efficiency (or deposition rate at constant current density). Therefore, in order to study the effect of sodium hypophosphite on Ni-Fe-W system, one should use experimental conditions corresponding to the preparation of an alloy with high tungsten content. Consequently, the current density of 2000 A/m 2 , which corresponds to the alloy with the highest tungsten content (54Ni-18Fe-28W) and the highest cathode current efficiency (38%), was selected. Figure 5 shows the effect of sodium hypophosphite content on the composition of tertiary Ni-Fe-W-P alloys. The addition of 0.01 mol/L of sodium hypophosphite in the solution results in a rapid increase in the iron content of the alloy. Afterwards, however, it decreases with an increase in hypophosphite content. For nickel the behavior is just opposite. The tungsten content decreases and phosphorus content increases with an increase in the sodium hypophos- phite content of the plating solution. An important point to note is that the effect of sodium hypophosphite on tungsten content is not so drastic as it has been observed for Ni-W-P system. The addition of iron is, therefore, useful in this respect and these plating solutions do not require careful control of bath composition as it is necessary for Ni-W-P system. Another important point is the total content of tungsten and phosphorus in the alloy, which remains constant except for alloys deposited from solutions containing very low hyposphosphite contents (<0:03 mol/L) (Fig. 6) . Therefore, the increase in phosphorus content is at the cost of tungsten content and the increase in nickel content is at the cost of iron content.
The structure of the Ni-Fe-W-P alloys as determined by XRD is amorphous. A typical XRD pattern is shown in Fig. 7 , which corresponds to 43Ni-37Fe-12W-8P alloy. The variation of the cathode current efficiency with sodium hypophosphite content is shown in Fig. 8 . One can see a continuous decrease in cathode current efficiency with an increase in sodium hypophosphite content. The initial drop in the current efficiency is very fast from no sodium hypophosphite to 0.01 mol/L and from 0.01 mol/L to 0.03 mol/L. From 0.03 mol/L to onward it drops more or less with a constant slope.
Discussion
As shown in Fig. 1 , tungsten content increases with increasing current density. Tungsten is a metal which cannot be deposited alone from aquous solutions. When codeposited with iron group elements, its induced deposition takes place.
The deposition of tungsten with iron group elements takes place at potentials nobler than those required for the deposition of iron group elements alone. 31) However, in general, as the current density increases, the tungsten content of the alloys increases up to a specific upper limit. On the other hand, mutual codeposition of iron group elements is anomalous under many conditions, 32) implying that nobler element deposits preferentially at higher current densities. In the normal deposition process, nobler element should deposit preferentially at lower current densities and the higher current density condition should favour the deposition of less noble element. That is why the deposition of iron, which has lower standard electrode potential (À0:44 V) than nickel (À0:25 V), is suppressed at higher current densities. This anomaly is lost by the addition of a very small amount of sodium hypophosphite as shown in Fig. 5 , though an increase in sodium hypophosphite content is again accompanied by a decrease in iron content and increase in nickel content of the alloys. The reason for sudden loss of anomaly by the addition of sodium hypophosphite is not clear at present and further study is required to clarify this phenomenon. Figure 5 shows the decrease in the tungsten content of NiFe-W-P alloys by the addition of sodium hypophosphite. The decrease is not sharp as that observed for Ni-W-P alloys. 30) Up to 0.03 mol/L of sodium hypophosphite, there is a decrease in overall molar content of tungsten and phosphorus. When sodium hypophosphite content increases beyond 0.03 mol/L, the total molar content of tungsten and phosphorus remains constant (Fig. 6) . In this range, the increase in molar phosphorus content is equal to the decrease in molar tungsten content. Total molar content of both is 20 molar percent.
Since H 2 PO 2 À1 ions are lighter than the complex formed between Ni or Fe and W with citrate and ammonia ions, the former diffuses at a faster rate than the latter and is concentrated in the double layer. In this way they hinder the diffusion of complex ions and in order for the current to flow, potential drops on the cathode and this allows the deposition of uncomplexed nickel ions. We have observed during experiments that deposition potential from sodium High Strength Ni-Fe-W and Ni-Fe-W-P Alloys Produced by Electrodepositionhypophosphite containing baths is lower than that from baths having less or no sodium hypophosphite. H 2 PO 2 À1 ions are then adsorbed on newly formed nickel surface and their reduction takes place. If the solution has less amount of H 2 PO 2 À1 ions, then they will be depleted in the vicinity of cathode surface soon after the start of electrodeposition process and this will allow the complex ions to reach surface and be reduced. In this case hypophosphite ions will also be reduced due to the diffusion from bulk solution, but, due to insufficient supply, will not be able to fully occupy the surface of the cathode by adsorption and hinder the reduction of tungsten ions. The diffusion will then take place on a steady rate and composition will become constant. However, at initial stages, the composition should be different from overall composition. It was confirmed in Ni-W-P system. A typical diagram showing the variation of composition along the cross section for an alloy deposited from a solution containing very low concentration of sodium hypophosphite is shown in Fig. 9 . Nickel surface seems to be very favorable for the adsorption and reduction of H 2 PO 2 À1 ions. If sufficient supply of these ions is available, it can completely hinder the reduction of tungsten. Addition of iron seems to change the kinetics of the process either by changing the nature of the film surface or by modifying the double layer structure. It reduces the tendency of H 2 PO 2 À1 ions to hinder the deposition of tungsten ions. The idea of a specific role of iron is also enforced by similar shape of the variation mode of iron and tungsten compositions with hypophosphite content in Fig. 5 . Also the processes of deposition of tungsten and phosphorus have some correspondance, such that either tungsten ion or H 2 PO 2 À1 ion is reduced. That is why total molar content remains constant. In such case, the decrease in current efficiency should correspond to the replacement of W þ6 ion with P þ . In order to check this idea, it was assumed that an alloy containing 20 at% W has a current efficiency of 23%. Then 5 at% of W was replaced with P, with the remaining W being at 15 at%. Since the reduction of one W þ6 ion consumes six times more electrons than that of P þ , five of these electrons will be lost in some useless reaction. It will result in a decrease in current efficiency. The change in current efficiency was calculated by replacing different amounts of W with P and the results were plotted as a function of tungsten content. The dashed line in Fig. 10 represents the calculated effeciency, while the solid curve denotes experimental results. It is found that this line very accurately predicts the change in current efficiency. Therefore, the addition of hypophosphite is associated with the incorporation of H 2 PO À1 2 ions in the solution which replace W þ6 ions with P þ ions in the reduction reaction. However, these ideas are required to be explored further.
Conclusions
(1) Tungsten content of ternary Ni-Fe-W alloys increases with an increase in current density. The structure is nanocrystalline at low current densities and the grain size decreases with an increase in current density, such that at higher current densities an amorphous phase forms. (2) Cathode current efficiency for Ni-Fe-W alloys has a complicated behavior with current density, but it increases to a sufficiently high value of 38% at current densities of 1500 to 2000 A/m 2 . (3) The alloy deposited at 600 A/m 2 having a composition of 51Ni-29Fe-20W shows the best mechnical properties among all Ni-Fe-W alloys prepared. (4) The addition of phosphorus to Ni-Fe-W-P alloys is accompanied by a decrease in tungsten content of the alloys. An interesting feature of these alloys is that the total molar concentration of tungsten and phophorus remains constant for alloys deposited from solutions containing sodium hypophosphite more than 0.03 mol/ L, though phosphorus content increases with an increase in hypophosphite content of the plating solution. (5) The current efficiency for Ni-Fe-W-P alloys decreases with an increase in phosphorus content. For the alloys deposited from solutions containing sodium hypophosphite more than 0.03 mol/L, the decrease in current efficiency is due to the replacement of W atoms with P atoms. Tungsten, x T (at%) Fig. 10 Relation between tungsten and cathode current efficiency for the Ni-Fe-W-P alloys: cal = calculated current efficiency in the assumption that efficiency change is due to replacement of W atoms with P atoms, exp = experimentally determined current efficiency.
